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Abstract 
 
The approach to remove green house gases by pumping liquid CO2 several kilometres 
below the ground implies that many carbonate containing minerals will be formed. 
Among these minerals the formation of dypingite and artinite are possible; thus 
necessitating a study of such minerals. Two carbonate bearing minerals dypingite and 
artinite with a hydrotalcite related formulae have been characterised by a combination 
of infrared and near-infrared spectroscopy.  The infrared spectra of both minerals are 
characterised by OH and water stretching vibrations. Both the first and second 
fundamental overtones of these bands are observed in the NIR spectra in the 7030 to 
7235 cm-1 and 10490 to 10570 cm-1.   Intense (CO3)2- symmetric and antisymmetric 
stretching vibrations confirm the distortion of the carbonate anion. The position of the 
water bending vibration indicates water is strongly hydrogen bonded to the carbonate 
anion in the mineral structure. Split NIR bands at around 8675 and 11100 cm-1 
indicates that some replacement of magnesium ions by ferrous ions in the mineral 
structure has occurred.   
 
Key words:  artinite, dypingite, carbonate, NIR spectroscopy, Vibrational 
spectroscopy; OH-overtones; Cation substitution effects 
 
 
Introduction 
 
The ability to be able to easily and readily detect minerals is of importance [1, 
2]. This is especially so where carbonate minerals are concerned. The technique of 
NIR spectroscopy does meet these requirements. What is probably not appreciated is 
that many carbonate containing minerals especially the secondary minerals are soluble 
and can translocate. The proposal to remove green house gases by pumping liquid 
CO2 several kilometres below the ground requires formation of many carbonate 
containing minerals [3-5].  Two magnesium carbonate minerals which may form 
under such conditions of high CO2 partial pressure are dypingite 
Mg5(CO3)4(OH)2.5H2O [6-10] and artinite Mg2(CO3)(OH)2.3H2O  [11-20].    
 
The study of the magnesium carbonates is of extreme importance in the 
development of technology for the removal of green house gases.  Magnesium 
minerals such as brucite, periclase and hydrotalcites have the potential for the 
sequestration of carbon dioxide.  The formation and reaction pathways of hydroxy 
and hydrous carbonates of magnesium are essential for the understanding of this 
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sequestration.  The hydration-carbonation reaction path in the MgO-CO2-H2O system 
at ambient temperature and atmospheric CO2 is of essential significance from the 
standpoint of carbon balance and the removal of green house gases from the 
atmosphere.  A better understanding of the global masses of Mg and CO2 and the 
thermal stability of the hydrated carbonates of magnesium will provide fundamental 
knowledge of carbon dioxide removal.  From a practical point of view, the exact 
knowledge of the reaction path in MgO-CO2-H2O system is of great significance to 
the performance of brucite and related minerals for green house gas removal.  The 
reaction path involving carbonation of brucite (Mg(OH)2) is particularly complex, as 
Mg has a strong tendency to form a series of metastable hydrous carbonates. These 
metastable hydrous carbonates include hydromagnesite (Mg5(CO3)4(OH)2.4H2O, or 
Mg4(CO3)3(OH)2.3H2O), artinite (Mg2CO3(OH)2.3H2O), nesquehonite 
(MgCO3.3H2O), and lansfordite (MgCO3.5H2O). The free energy of formation for 
these hydroxy and hydrous carbonates differs and their formation depends on the 
partial pressure of CO2.   
There are many applications of near infrared spectroscopy [21-29].  Many of 
these studies have been applied to minerals and soils [1, 2, 29-32]. One means of 
studying the distant planets and comets is the use of  NIR spectroscopy [23, 24, 26, 
27, 33-35].  Recently Frost et al. used NIR spectroscopy to study some hydroxyl 
phosphated minerals [36, 37] and some autunites  [38, 39].  The technique of NIR 
spectroscopy can be used at distances away from the spectrometer using a fibre optic 
probe and the NIR technique does have the possibility of detecting carbonate 
minerals.  Many carbonate minerals contain both bonded water and adsorbed water; 
several minerals contain hydroxyl groups. NIR spectroscopy has often been referred 
to as ‘proton’ spectroscopy.  This means that any mineral or compound containing 
protons will be able to be determined using NIR spectroscopy.  Thus because of the 
presence of water and OH units, the hydroxyl and hydrated carbonate minerals lend 
themselves to analyses by NIR spectroscopy.  Near–IR spectral regions may be 
conveniently divided into three spectral regions (a) the high wavenumber region 
above 7500 cm-1 attributed to electronic bands.  (b) between 5400 and 7500 cm-1 
attributed to the first overtone of the fundamental hydroxyl stretching modes (c) the 
4000-5400 cm-1 region attributed to water combination modes [36, 39-42].  This paper 
reports the detection of selected carbonate minerals using NIR spectroscopy with a 
fibre optic probe. 
Experimental 
 
 Minerals 
 
The following minerals were used in this research (a) Dypingite - 
Yoshikawaite, Shinshiro Shi, Aichi Prefecture, Japan (b) Sample 4 Dypingite - Clear 
Creek District, Southern San Benito County, California (c) Sample 3 Artinite - Clear 
Creek District, Southern San Benito County, California (d) Sample 7 Artinite - 
Higasi-Kuroda-Guchi, Inasa-Cho, Inasa-Gun, Aichi Prefecture, Japan.   The phase 
purity of the minerals was checked by X-ray diffraction and the chemical composition 
by EDX measurements.   
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Near-infrared (NIR) spectroscopy 
 
NIR spectra were collected on a Nicolet Nexus FT-IR spectrometer with a 
Nicolet Near-IR Fibreport accessory (Madison, Wisconsin).  The reason for using a 
fibre optic probe is the ease of operation and the fact that the probe can be brought to 
the mineral and can be used at some distance from the spectrometer. A white light 
source was used, with a quartz beam splitter and TEC NIR InGaAs detector.  Spectra 
were obtained from 13 000 to 4000 cm-1 (0.77-2.50 µm) by the co-addition of 256 
scans at a spectral resolution of 8 cm-1. A mirror velocity of 1.266 m sec-1 was used.  
The spectra were transformed using the Kubelka-Munk algorithm to provide spectra 
for comparison with published absorption spectra. Spectral manipulations, such as 
baseline correction, smoothing and normalisation, were performed using the software 
package GRAMS (Galactic Industries Corporation, NH, USA).  
Mid-IR spectroscopy 
Infrared spectra were obtained using a Nicolet Nexus 870 FTIR spectrometer 
with a smart endurance single bounce diamond ATR cell  over the 4000525 cm-1 
range obtained by the co-addition of 64 scans with a resolution of 4 cm-1 and a mirror 
velocity of 0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio. 
Band component analysis was undertaken using the Jandel ‘Peakfit’ (Erkrath, 
Germany) software package which enabled the type of fitting function to be selected 
and allows specific parameters to be fixed or varied accordingly. The Lorentz-Gauss 
ratio was maintained at values greater than 0.7 and fitting was undertaken until 
reproducible results were obtained with squared correlations ( r2) greater than 0.995.  
Band fitting of the spectra is quite reliable providing there is some band separation or 
changes in the spectral profile.  The band intensities were calculated as a percentage 
of the total normalised band intensity.  
 
 
 
Results and discussion 
 
Mid-infrared spectroscopy 
 
 The infrared spectrum of dypingite and artinite are shown in Figures 1 and 2.  
The results of the infrared spectral analysis are reported in Table 1.  The infrared 
spectra of dypingite in the OH stretching region displays two features: (a) two sharp 
bands at 3647 and 3686 cm-1 and (b) a number of broad overlapping bands centred 
upon 3289, 3380, 3447 cm-1 (Yoshikawaite). The first two bands are assigned to the 
hydroxyl stretching vibrations of OH units whereas the broad bands are assigned to 
water stretching bands.  The infrared bands at 2887, 2995, 2921 and 2959 cm-1 in 
Yoshikawaite dypingite is ascribed to adsorbed organics on the surface of the 
dypingite. The variation in intensity of the water stretching bands shows that some 
variation in the formula of dypingite may occur and is a function of the water partial 
pressure. This variation in intensity is readily observed in Figure 1.  Such variation in 
intensity of the bands assigned to water stretching vibrations may be complicated by 
the adsorption of water on the mineral surface.  The same explanation is suitable for 
the mineral artinite.  Two sharp bands at 3649 and 3685 cm-1 are observed for the 
Clear creek artinite and three bands at 3651, 3685 and 3696 cm-1 for the Aichi artinite.  
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These bands are attributed to the stretching vibrations of the OH units.  The other 
bands in the spectra are assigned to water stretching bands.  
 
 The infrared spectra of dypingite and artinite in the 525 to 1625 cm-1 region 
are shown in Figures 3 and 4 respectively. The sharp bands at 1071 (Yoshikawaite) 
and the shoulder at 1078 cm-1 (Clear Creek) are attributed to the (CO3)2- carbonate 
symmetric stretching mode.  The observation of this mode in the infrared spectra 
provides evidence for the distortion of the carbonate anion and consequential loss of 
symmetry.  Such a band should be not observed in the infrared spectrum but would be 
intense in the Raman spectrum.  The band is observed at 1076 cm-1 for artinite (Clear 
Creek) and 1083 cm-1 for the Aichi artinite. . The (CO3)2- symmetric stretching mode 
is complimented with the antisymmetric stretching modes found in the 1300 to 1450 
cm-1 region where a series of overlapping bands may be observed providing a 
complex spectral profile.  For the dypingite from Clear Creek, these (CO3)2- 
symmetric stretching bands are observed at 1312, 1438, 1534 and 1585 cm-1. These 
bands appear better defined for the Yoshikawaite dypingite with clearly resolved 
bands at 1380, 1405, 1479 1509 cm-1.  For the artinite minerals these (CO3)2- 
antisymmetric stretching modes are observed at 1325, 1381, 1439 cm-1 (Aichi) and 
1376, 1441, 1535 cm-1 (Clear Creek).  
 
In the spectrum of the Yoshikawaite dypingite two bands are observed at 1599 
and 1682 cm-1.  The probable assignment of these two bands is to the water HOH 
bending mode.  The fact that two bands are observed suggests that there are two types 
of water present in the dypingite structure. The band at 1599 cm-1 is attributed to non-
hydrogen bonded water and corresponds to the position of the water bending mode of 
water vapour. Whereas the band at 1682 cm-1 corresponds to water not bonded by 
hydrogen bridges.  For artinite, two bands are observed at 1578 and 1643 cm-1. This 
latter band shows that the water is very strongly hydrogen bonded.  This band 
corresponds to the water stretching vibration at low wavenumber whereas the 1595 
cm-1 band is reflected in the OH stretching region by the bands in the 3200 to 3450 
cm-1 region.   
 
 Two intense infrared bands are observed at 948 and 1008 cm-1 (Yoshikawaite 
dypingite) and 947 and 1012 cm-1 (Clear Creek).   These bands are observed at 947 
and 1017 cm-1 for the Clear Creek sample and at 952 and 995 cm-1 for the Aichi 
mineral.  One possible assignment of these bands is to the OH deformation modes of 
the MgOH units.  For the Yoshikawaite dypingite infrared spectrum low intensity 
infrared bands are observed at 755 and 799 cm-1.  For the Aichi artinite these bands 
are observed at 722 and 762 cm-1.   These bands are assigned to the (CO3)2- ν4 bending 
modes.  The observation of more than one band supports the concept that there are 
multiple (CO3)2- bending modes as a result of the distortion of the (CO3)2- units in the 
dypingite and artinite structures. For the Yoshikawaite dypingite infrared spectrum 
two bands are observed at 852 and 882 cm-1. These bands are assigned to the (CO3)2- 
ν2 bending modes.  A very low intensity band is observed for the Clear Creek artinite 
at 844 cm-1 which may correspond with this assignment.    
 
Two bands are observed at 548 and 618 cm-1 for the Clear Creek dypingite and at 546 
and 600 cm-1 for the Yoshikawaite dypingite.  For the clear Creek artinite the bands 
are observed at 552 and 610 cm-1 and at 568 and 638 cm-1 for the Aichi artinite. These 
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bands are too low in position to be interpreted as (CO3)2- bending modes. One possible 
assignment of these bands is to the water librational modes.   
 
Near-infrared (NIR) spectroscopy 
 
 Spectra are divided into (a) the spectral region between 5500 and 8000 cm-1; 
corresponding to the first fundamental overtone of the mid-infrared OH stretching 
vibration (b) the spectral region between 4000 and 5500 cm-1attributed to the water 
OH overtones, carbonate combination bands; (c) the spectral region between 8000 and 
12000 cm-1 corresponding to the second fundamental overtone of the OH stretching 
vibrations and also includes electronic bands resulting from transition metal ions in 
the structure [43-51].   
 
 The NIR spectra in the 5500 to 8000 cm-1 region of dypingite and artinite are 
shown in Figures 5 and 6.  The results of the NIR spectral analysis are reported in 
Table 2. The distinct feature of the NIR spectra of dypingite is the very sharp bands in 
this spectral region. For the Clear Creek dypingite a sharp intense band at 7127 cm-1 is 
observed with other lower intensity bands at 6914 and 7200 cm-1.  The NIR spectrum 
of the Yoshikawaite dypingite shows more complexity with bands at 7128, 7179, 
7127 and 7237 cm-1.  These bands are attributed to the first fundamental overtone of 
the OH stretching vibrations.  Similar spectra are observed for the artinite mineral 
samples. The Aichi artinite shows three sharp bands at 7166, 7207 and 7234 cm-1. 
Lower intensity bands are observed at 7060, 7355 and 7760 cm-1.  The NIR spectrum 
of the Clear Creek dypingite shows broader bands with peaks at 6991, 7098, 7192  
cm-1.  The sharp bands are the first fundamental overtone of the OH stretching bands 
(i.e. 2ν1).  It must be remembered that there are no selection rules for the NIR spectra 
and fundamentally all combinations of the OH stretching vibrations are allowed. i.e. 
Raman bands and infrared bands can combine as well as the doubling of the 
wavenumbers of the bands.  It is probable the bands in this spectral region result from 
the addition or subtraction of the OH deformation mode and the doubling of the first 
overtone of the OH stretching vibration (i.e. 2ν1 +/- δν).   
 
The NIR spectra in the 4000 to 5500 cm-1 region for dypingite are shown in 
Figure 7 and for artinite in Figure 8.  For the Clear Creek dypingite two bands are 
observed at 4987 and 5147 cm-1; for the Yoshikawaite dypingite three bands are 
observed at 4732, 5052 and 5201 cm-1.   These bands are probably a combination of 
water and carbonate bands. Carbonate bands are normally found in this spectral 
region resulting from the doubling of the symmetric and antisymmetric carbonate 
stretching bands 2(ν1+ν3).   A number of bands are observed in the 4000 to 4500 cm-1 
region. These may be simply described as combination bands resulting from 
combination of bands in the mid-IR spectral region. The spectrum in this spectral 
region of artinite shows similarity to that of dypingite; however the ratio of the 
intensity of the bands appears different.  The Aichi artinite NIR spectrum displays 
bands at 4702, 4766, 5051 and 5212 cm-1.  The Clear Creek artinite NIR spectrum 
shows bands at 4747, 5035 and 5208 cm-1.   
 
For the Clear Creek dypingite, a number of bands are observed at 4109, 4232, 
4300 and 4409 cm-1; for the Yoshikawaite dypingite three bands are observed at 4103, 
4179, 4300 and 4387 cm-1.   For the artinite mineral samples greater complexity in the 
4000 to 4500 spectral region is observed. Prominent NIR bands are observed for the 
 6
Clear Creek artinite are observed at 4300, 4386 and 4461 cm-1; for Aichi artinite NIR 
bands are found at 4294, 4377 and 4461 cm-1.  Bands in this spectral region result 
from the combination of bands in the mid-IR spectral region.  
 
The NIR spectra in the 8000 to 12000 cm-1 region of artinite and dypingite are 
shown in Figures 9 and 10.  There are two features in this spectral region that are 
noteworthy: firstly there are bands at around 10446 cm-1 for Clear Creek dypingite 
and 10536, 10611 and 10999 cm-1 for the Yoshikawaite dypingite; these bands are 
assigned to the second overtone of the OH stretching vibrations (i.e. 3ν1 and 3ν3).  
Secondly there is a broad feature centred upon around 8598 and 10999 cm-1.  These 
bands are attributed to electronic bands of the ferrous ion. There is an important 
implication based upon this observation: namely that according to the formula no 
ferrous ion is in the structure dypingite Mg5(CO3)4(OH)2.5H2O  and artinite 
Mg2(CO3)(OH)2.3H2O.  The intensity of the bands suggests that a significant amount 
of Fe2+ has replaced some of the Mg2+ in the structure.  The intensity of the bands for 
the Clear Creek dypingite is very low for the Fe2+ electronic band. The intensity is 
higher for the Yoshikawaite dypingite. Some replacement of the Mg2+ by Fe2+ is 
likely. Thus the formula is more likely to be (Fe2+,Mg)5(CO3)4(OH)2.5H2O  .  In other 
words the formula of artinite is more likely to be (Fe2+,Mg)2(CO3)(OH)2.3H2O. Sharp 
bands are found at 10498, 10611 and 10569  
cm-1. These bands are assigned to the second overtone of the OH stretching 
vibrations.  
 
Conclusions 
 
The concept of geosequestration involves the pumping of liquefied green house gases 
to significant depths below the surface of the earth. The high partial pressure of CO2 
is significant in that many different types of carbonates will be formed.  Among these 
minerals there is the possibility of the formation of dypingite and artinite which are 
related at least in chemical formula to the hydrotalcite or layered double hydroxide 
minerals.  A combination of infrared and near infrared spectroscopy has been used to 
characterise these two minerals and the bands related to the mineral structure. 
Importantly the observation of split broad bands in the 8000 to 12000 cm-1 region is 
evidence for the partial replacement of Mg2+ by Fe2+ in the mineral structure.   
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4 207 8.6           
                  
        6245 353 
10.
8 6206 489 5.1
        5925 389 
12.
8 5956 243 1.7
        5622 259 3.9 5606 236 1.4
5201 140 4.3    5208 142 2.4 5213 123 4.3
     
514
7 217 
30.
0           
5052 293 
11.
6    5035 245 9.9 5051 228 
12.
4 
     
498
7 316 
18.
0           
        4747 230 3.9 4766 51 1.1
4733 133 4.0         4702 63 1.2
                  
        4462 39 0.5 4461 49 1.2
4387 134 6.0 
440
9 91 3.8 4386 85 3.4 4377 118 4.7
4300 59 4.9 
430
0 47 1.3 4300 60 3.2 4295 58 8.5
4272 25 1.4              
     
423
3 173 7.9           
4180 150 
10.
2         4209 11 0.1
        4188 36 0.3 4197 19 0.3
             4171 37 0.7
        4140 21 0.2 4121 57 0.9
4103 67 1.8 
410
9 132 9.3           
        4084 6 0.1 4083 23 0.3
        4061 89 0.9      
        4042 18 0.2      
             4017 27 0.2
4004 337 0.0    4002 40 0.1      
     
399
8 139 1.8           
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Dypingite 1 (Yoshikawaite) Dypingite 4 (Clear Creek) Artinite 3 (Clear Creek) Artinite 7 (Aichi Pref) 
Center FWHM % Center FWHM % Center FWHM % Center FWHM % 
              3697 9 0.3 
3686 24 3.9 3682 29 6.5 3686 26 8.6 3686 27 3.5 
3647 30 1.2 3649 50 7.2 3650 39 5.3 3652 47 3.6 
3471 211 10.2      3604 76 5.0 3598 60 1.8 
     3582 127 4.6         
          3507 175 5.1 3526 170 4.4 
3447 37 0.5          3362 296 14.9 
3381 42 1.1 3400 352 24.3 3326 276 11.3 3069 403 15.5 
                  
3290 182 17.7              
                  
3093 228 5.1              
2959 21 0.1              
2922 155 2.5              
2906 9 0.1              
2888 17 0.2              
              2805 609 13.7 
     2049 367 3.3         
1683 16 0.3              
                  
              1644 75 1.1 
1599 65 7.7          1578 83 3.2 
1588 27 1.4 1586 159 7.4 1591 107 7.4     
1509 53 3.3 1534 22 0.5 1535 18 0.5     
1480 29 3.3              
1424 17 0.7              
1405 110 9.6 1439 49 2.1 1442 23 1.2 1439 99 3.5 
1403 5.0 0.2          1382 55 1.5 
1375 23 1.6              
1363 9 0.6              
          1376 181 5.7     
     1312 203 2.8     1325 67 2.8 
1072 39 3.1          1260 98 0.8 
     1079 39 2.9 1076 34 6.4 1084 31 1.1 
1009 48 3.5          1050 50 2.4 
949 59 9.2 1012 83 14.1 1017 42 9.9     
                  
     947 87 17.5 982 43 6.3 996 64 4.9 
882 12 0.2      948 57 18.0 952 76 16.8 
852 10 0.1      844 32 0.2     
799 19 0.1              
 13
756 29 0.3              
714 47 0.3          763 51 0.8 
              723 18 0.1 
          657 36 0.8 639 77 1.8 
600 79 6.5 618 79 5.6 610 62 6.2 613 35 0.4 
573 8 0.1              
              569 24 0.3 
546 45 1.3 548 40 1.1 552 40 2.0 556 10 0.1 
             539 18 0.3 
            527 6 0.2 
                  525 6 0.2 
            
 
Table 1
 14
 
 
List of Tables 
 
Table 1  Infrared spectroscopic band deconvolution of dypingite and artinite 
 
Table 2  Near-Infrared spectroscopic band deconvolution of dypingite and 
artinite 
 
 
List of Figures 
 
 
Figure 1 Infrared spectra of artinite in the 2700 to 3800 cm-1 region 
 
Figure 2 Infrared spectra of dypingite in the 2700 to 3800 cm-1 region 
 
Figure 3 Infrared spectra of artinite in the 525 to 1625 cm-1 region 
 
Figure 4 Infrared spectra of dypingite in the 525 to 1625 cm-1 region 
 
Figure 5 Near-infrared spectra of artinite in the 5500 to 8000 cm-1 region 
 
Figure 6 Near-infrared spectra of dypingite in the 5500 to 8000 cm-1 region 
 
Figure 7 Near-infrared spectra of artinite in the 4000 to 5500 cm-1 region 
 
Figure 8 Near-infrared spectra of dypingite in the 4000 to 5500 cm-1 region 
 
Figure 9 Near-infrared spectra of artinite in the 8000 to 12000 cm-1 region 
 
Figure 10 Near-infrared spectra of dypingite in the 8000 to 12000 cm-1 region 
 15
 
 
 
 
 16
 
 
Figure  1 
 
 17
 
 
Figure 2 
 
 18
 
 
Figure 3 
 
 
 19
 
 
 
Figure  4 
 
 20
 
 
 
Figure 5 
 
 21
 
 
Figure 6
 22
 
 
 
Figure 7 
 
 23
 
 
Figure 8 
 24
 
 
 
 
Figure 9 
 
 
 
 
 
 25
 
 
Figure 10 
 
 
